Time-dependent fluctuations in surface-enhanced Raman scattering (SERS) intensities were recorded from a roughened silver electrode immersed in diluted solutions of rhodamine 6G (R6G) and congo red (CR). These fluctuations were attributed to a small number of SERS-active molecules probing regions of extremely high electromagnetic field (hot spots) at the nanostructured surface. The time-dependent distribution of SERS intensities followed a tailed statistics at certain applied potentials, which has been linked to single-molecule dynamics. The shape of the distribution was reversibly tuned by the applied voltage. Mixtures of both dyes, R6G and CR, at low concentrations were also investigated. Since R6G is a cationic dye and CR is an anionic dye, the statistics of the SERS intensity distribution of either dye in a mixture were independently controlled by adjusting the applied potential. The potential-controlled distribution of SERS intensities was interpreted by considering the modulation of the surface coverage of the adsorbed dye by the interfacial electric field. This interpretation was supported by a two-dimensional Monte Carlo simulation that took into account the time evolution of the surface configuration of the adsorbed species and their probability to populate a hypothetical hot spot. The potential-controlled SERS dynamics reported here is a first step toward the spectroelectrochemical investigation of redox processes at the single-molecule level by SERS.
Introduction
Important advances in optical instrumentation led to significant improvements in spectroscopic measurements, pushing the limit of detection of some techniques down into the singlemolecule realm. [1] [2] [3] [4] Single-molecule spectroscopy (SMS) methods are now widely used to study the dynamics of biomolecular interactions. [5] [6] [7] [8] [9] On the other hand, reports on the investigation of electrode processes in situ by SMS (known as single-molecule spectroelectrochemistrysSM-SEC) are still rare. [10] [11] [12] [13] Moreover, although the main body of electrochemical work is performed using metallic surfaces, all SM-SEC reports to date were on nonmetallic electrodes, such as indium-tin oxide (ITO) 10 and optically transparent carbon 11 electrodes. The main limitation to the implementation of SM-SEC from metal electrodes is the well-known quenching of molecular emissions by metallic surfaces. 14 This quenching problem limits the application of fluorescence spectroscopy, the most developed SMS method, in SM-SEC from metallic surfaces.
Surface-enhanced Raman scattering (SERS) is a spectroscopic method that is inherently surface-sensitive, specific for certain metallic surfaces and capable of single-molecule detection. 15, 16 This technique is then a natural candidate for SM-SEC. SERS also provides vibrational information, which is richer and more molecule-specific than the electronic emissions probed by fluorescence. 17 The detection of single molecules by SERS was reported about 11 years ago 18, 19 and revolutionized the research in that field. The ultimate single-molecule detection limit in SERS is attributed to the excitation of localized surface plasmon (SP) modes that enhances the electromagnetic fields at certain regions at the metal surface. 20 These regions of enhanced field are called "hot spots", and they are responsible for the majority of the SERS signal generated from a given nanostructured metal surface. The hot spots are essential features in SERS. For instance, it was verified that covering a SERS-active silver electrode with 3% of electrodeposited Pt or Tl was enough to completely quench the enhancement, [21] [22] [23] because these metals would preferentially deposit on the hot spots. There is also a consensus that the hot spots responsible for the single-molecule sensitivity in SERS are ca. 1-2 nm gaps between metallic features. 24, 25 These gaps support enhancement in the local electromagnetic field of several orders of magnitude under the surface plasmon resonance conditions. Several examples of applications of SM-SERS have been proposed since its discovery. [26] [27] [28] [29] These include the detection and characterization of proteins, [30] [31] [32] [33] the investigation of surface dynamics, 34 and even DNA sequencing. 28 However, there are no reports to date on the application of SM-SERS to study processes in an electrochemical environment. In this work, it will be shown that the fluctuations in SERS intensities that have been linked to the dynamics of single molecules can be controlled in an electrochemical environment by an applied potential. These results are the first steps toward the establishment of SERS as an efficient tool to follow electrode processes at the singlemolecule level.
Electrochemical Measurements.
The electrochemical measurements were done using a potentiostat-galvanostat EG&G model PAR-273A. The auxiliary and reference electrodes were a platinum wire and Ag|AgCl|KCl(sat.), respectively. The working electrode was a polycrystalline Ag (99.99%, Aldrich, diameter ) 0.13 cm) rod inserted in a Teflon sleeve. Prior to each experiment, the working electrode was mechanically polished initially with 600-mesh sandpaper and subsequently with 1200-and 2000-mesh sandpaper and thoroughly rinsed with deionized water. The smooth silver electrode was electrochemically roughened for the SERS experiments. Additional details on the electrochemical procedures are provided as Supporting Information.
SERS Measurements.
The SERS experiments were realized using an electrochemically roughened Ag electrode (ERAg) as SERS substrate. The ER-Ag electrode was prepared by applying three oxidation-reduction cycles (ORCs) to a freshly polished Ag electrode in 0.1 M KCl solution. 35 The roughening of the Ag electrode was performed in the absence of the analyte (R6G or CR), which was introduced subsequently to the solution up to the desired concentration. The average SERS enhancement factor obtained from ER-Ag is about 10 6 . R6G is a cationic dye and CR is an anionic dye; therefore, their adsorption behavior should respond differently to the applied potential. That is, R6G should adsorb better at potentials more negative than CR. The electronic absorptions of these dyes were not in resonance with the excitation used in the SERS measurements (632.8 nm). SM-SERS from dyes under nonresonance conditions has been reported in the literature. 19, 26 SERS spectra were recorded using a Renishaw 3000 confocal Raman microscope equipped with a 50× ULWD with NA ) 0.5 and 632.8 nm excitation from a He-Ne source (Coherent 31-2140-000). The laser power at the sample was ca. 0.8 mW, and the diameter of the spot size of the laser beam was 2 µm. Experiments were run for different concentrations of the dyes, varying from 10 nM to 5 µM. Typically 1000 spectra (acquisition time equal to 3 s) were obtained sequentially for each concentration (series with 3000 spectra were also recorded). The number of spectra was enough to reach a reasonable statistics for the intensities variation as a function of time.
The SERS signature of the dyes was observed in all spectra for acquisition runs in the high concentration limit (>500 nM). The SERS for dye concentrations lower than 50 nM presented a lower S/N ratio and were detectable only from just a few regions of the ER-Ag electrode surface. In this low concentration regime, it was necessary to raster the surface in search of an electrode spot that presented detectable SERS of the dyes. When a region with SERS activity was found, the series of spectra was sequentially obtained at that spot. The time evolution of the SERS at low concentrations (<50 nM) presented a few detectable signals intercalated by several spectra without any detectable SERS signal (a phenomenon referred as "blinking" in the SERS literature 18 ). The region with the highest electromagnetic field in a hot spot is expected to be of the order of the molecular diameter. 36 The blinking observed in SERS from diluted solutions has been assigned to the time-dependent diffusion of species in and out of the hot spot. 37 The strength of the electric field decays exponentially from the hottest area, which explains the large variation in SERS intensities typically observed in SM-SERS. 38 For a given spectrum, in the low concentration limit, the relative intensities of the vibrational bands of the dye were sometimes different than what was observed at higher concentrations, a feature also observed by others in SERS experiments at low concentrations. 39 This aspect, which might be related to specific orientations of the individual molecules relative to the SERS active surface, was not explored in the current investigation.
2.4. Data Treatment. The data treatment was performed using the R 2.7.0 software. 40 Principal component analysis (PCA) was used to extract the relevant data from the timedependent spectral series. PCA is a well-established procedure to reveal the variability in a data set. The use of PCA is justified in this investigation for two reasons: (1) it allows a better characterization of noisy signal, as observed for some of the SERS spectra at low concentration, and (2) the PCA procedure selectively discards spurious spectra and signal from degradation products that eventually contaminate the data set. Although only the salient features of the PCA data analysis will be described here, a detailed description of the procedure, including examples, is available as Supporting Information. Basically, a data set is analyzed and its principal components (unique patterns within the data set) are identified. In the case of a collection of SERS data, each principal component corresponds to a unique spectral signature that occurs in the data set. In our particular case, the principal components correspond to the unique vibrational fingerprint of the species that visit the hot spots at the surface during the time of the experiment. The PCA treatment showed that only the first components were important in the description of our SERS results. For instance, in the experiments involving a mixture of R6G and CR, the two principal components were enough for the description of an excess of 98% of the results. The extracted principal components corresponded to the SERS spectrum of each dye. The principal components were used to generate the SERS intensities histograms. All histograms presented in this work were constructed with SERS intensities obtained after the PCA analysis. It should also be emphasized that in the several series of data acquired, some spectra were very different from the characteristic SERS spectrum of the dyes. These spectra were probably from impurities or originated from the decomposition of the dyes (amorphous carbon). It was verified in the PCA plots that these very different spectra were always out of the main cluster, and they were discarded.
The experimentally determined intensities were plotted as histograms and assigned to a particular distribution using the Q-Q plot approach. Details of this method can also be found as Supporting Information. Figure 1 shows the SERS spectra of R6G and CR adsorbed on an ER-Ag electrode at different concentrations. The spectra for 20 nM concentrations were selected as examples of the signal level observed from the molecules at those concentrations, and it is not an average spectrum for these data sets. The areas highlighted by a blue rectangle are the bands at 1503 cm -1 for R6G ( Figure 1a ) and 1591 cm -1 for CR (Figure 1b ) that were used as a marker for each molecule in the time-dependent experiments. It is important to emphasize, however, that the intensity of the marker bands were measured after the PCA analysis. This means that, in each case, the whole spectrum was identified by PCA as a unique signature of the dye before the intensity of the marker band was measured. Signals from decomposition species, such as amorphous carbon that presents bands in this region, were identified and discarded by the PCA procedure (see Supporting Information). Figure 2 presents histograms of the SERS intensities from the R6G band at ca. 1503 cm -1 for different concentrations at open circuit potential (OCP, around +40 mV). The intensities were normalized to the average value to allow a direct comparison between spectral sets from different concentrations. A normal (Gaussian) distribution of SERS intensities, centered on the average intensity, was observed for the highest concentration investigated (Figure 2a ). The Gaussian distribution was sharper for 5 µM dye solutions (full-width of half-maximum (fwhm) of around 0.088 in Figure 2a ), but broadened as the concentration decreased, reaching a fwhm of 0.408 for a solution concentration of 500 nM (not shown). The SERS intensity distribution tended to a log-normal behavior, peaking at the average intensity value and tailing for higher intensities, as the concentration of the dye was further decreased to 50 nM ( Figure  2b ). Notice in Figure 2b that a few events with "zero" intensities are now present at this concentration. Stronger time-dependent fluctuation of the SERS signal from the marker band of the dye was observed for lower concentrations (<50 nM, Figures  2c and 2d) . A tailed distribution of SERS intensities, with a large number of zero-intensity events and bursts of intensities up to 10 times the average value, was observed for the lower concentrations.
Results and Discussion
The distribution of SERS intensities observed in Figures 2c and 2d has been associated with the dynamics of a small number of adsorbed molecules within the area illuminated by the laser beam. 41 In order to estimate the number of molecules being effectively irradiated in our experiments, we used the adsorption parameter for R6G on Ag colloids determined by Hildebrandt and Stockburger 42 ). For a Langmuir isotherm, the surface coverage (Γ) is simply given by Γ) Γ max · K ads · C in the low concentration limit, where C is the solution concentration of the dye. Considering a laser spot diameter of 2 µm, which yields an illuminated area of π × 10 -8 cm 2 , we estimated the number of R6G
nM, and 10 nM solutions, respectively. It is found that millions of molecules are within the illuminated area in the high concentration limit (g500nM), but the actual equilibrium surface coverage is only 16% for the 5 µM solution (highest concentration used in this work). The coverage in this case is around five times the estimated area of hot spots expected from an ER-Ag electrode (around 3% of the whole surface, according to previous works). [21] [22] [23] In this case, the probability of a few molecules to be evenly distributed around the hot spot is high, which justifies the narrow normal distribution observed in Figure 2a . The surface coverage is about 2% for 500 nM solutions, which is comparable to the estimated area of hot spots. The intensity fluctuations are then expected to increase, since it is unlikely that the spatial distribution of molecules around the hot spots will remain unchanged with time. A significant broadening of the normal distribution was observed for these concentrations. Thousands of molecules are within the laser area even for the lowest concentration of dyes investigated (10 nM), corresponding to surface coverage of only 0.04% (about 2 orders of magnitude lower than the estimated area of hot spots). The strong fluctuations of SERS intensities and blinking found for concentrations lower than 50 nM is consistent with the idea that only species at the hot spots contribute to the SERS signal. Since the hot spots correspond to only a fraction of the illuminated area, the amount of molecules that can reach a hot spot is much smaller than the total number of molecules in the laser beam. 43, 44 The ER-Ag substrate used in this work is not as efficient a SERS platform as, for instance, the aggregated silver colloids. Therefore, the density of high-enhancing hot spots in ER-Ag is small, and fluctuations in SERS intensities can be observed at higher solution concentrations. In another words, the ca. 6000 molecules within the illuminated area at the lowest solution concentrations used here cover only a very small fraction of the surface. Since the distribution of hot spots is also small for this particular substrate, the probability of a molecule to find a hot spot is low, even considering that the solution concentration was not adjusted to guarantee that only about one molecule resides, on average, in the laser-illuminated area at a particular time. Another factor is the relative small numerical aperture (NA ) 0.5) of the ultralong-working distance objective used in the work, which decreases the collection efficiency and guarantees that only molecules in the regions of highest field can be detected.
The effect of the applied potential on the distribution of SERS intensities in single analyte experiments is illustrated in Figure  3 for an ER-Ag immersed in a 20 nM solution of R6G in 0.1 M KCl. The SERS intensity histograms presented in Figure 3 show remarkable changes with the applied potentials. For E ap ) -0.1 V (Figure 3a) , the histogram presents a tailed distribution with a large number of events with "zero" intensity. As discussed above, the SERS intensity histogram is typical for experiments where only a very small number of molecules can access the hot spots. When the potential was tuned to -0.2 V, the number of zero-intensity events decreased, and a peak close to the average intensity value is observed in Figure 3b . For E ap ) -0.3 V (Figure 3c ), the number of zero-intensity events decreased even further and a log-normal distribution is more apparent. The number of zero-intensity events was even smaller for E ap ) -0.4 V (data not shown), but the electrochemical reduction of R6G started at this potential, leading to significant variations in the distributions obtained from different experimental runs. Similar experiments using the highest concentration of R6G investigated in this work, 5 µM, yielded a Gaussian distribution of SERS intensities, with similar fwhm, in all the potentials investigated.
A comparison of the results presented in Figures 2 and 3 suggests that the number of molecules that have access to the hot spots within the laser-illuminated area is being tuned by the applied potential. This is expected because the surface coverage in electrochemical environment depends on the applied potential. 45 The results from Figure 3 show that at more positive potential (-0.1 V) the surface coverage of R6G is smaller than at -0.3 V. This trend would be consistent with the cationic nature of the R6G molecule. Other surface interactions, rather than pure electrostatic, should also contribute to the adsorption, since the ER-Ag electrode surface in 0.1 M KCl is expected to be positively charged in the whole potential range investigated (potential of zero charge (pzc) for a Ag electrode in 0.1 M KCl is around -0.9 V 46,47 ). In any case, the changes in surface coverage are followed by the SERS technique and reflected on changes in the distribution of SERS intensities.
The experiments with CR at the same conditions as Figure  3 showed an opposite trend. This was expected because CR is an anionic dye. In the CR case, a log-normal distribution was observed at -0.1 V (equivalent to Figure 3c ) and a tailed distribution, similar to observed in Figure 3a , was seen at -0.3 V.
A probabilistic picture of the molecular population around an arbitrary hot spot was obtained using a Monte Carlo approach. The procedure was similar to the one used by Le Ru et al. for the calculation of the distribution of SERS intensities for a hot spot formed by a metal nanoparticle dimer with a 2 nm gap between the particles. 38 In our case, we just considered a simple two-dimensional 100 × 100 nm surface area containing a hot spot. The area of the hot spot was changed from 1 to 6% of the total area, and the calculations were performed for several surface concentrations. The 1 nm 2 area at the center of the hot spot was considered to produce an average enhancement of 1 × 10 9 relative to the normal Raman scattering. The enhancement factor (EF) was set to radially decay exponentially from this central area. This very simplified model yielded histograms at different coverages that qualitatively agreed with the experimental data presented in Figures 2 and 3 . This is also in accordance to the nanoparticle dimer hot spot proposed by Le Ru et al. 38 and shows the universal characteristics of the SERS hot spots.
The Monte Carlo calculations suggest that fluctuations in SERS intensities can be interpreted by considering that the surface configuration of adsorbed molecules changes with time, due to both adsorption-desorption equilibrium and surface diffusion. This effect is only significant when the fractional surface coverage becomes comparable to the surface area occupied by hot spots. Since a hot spot takes just a fraction of the area illuminated by the laser beam, this change in configuration translates into time fluctuations of the SERS intensity (i.e., SERS signal is observed when at least one molecule occupies the region of highest electric field in a hot spot by chance). This interpretation, however, requires an important caveat related to the fact that a 3 s acquisition time was used in our experiments (experiments with 1 s acquisition were also performed, but the 3 s-acquisition yielded a larger number of nonzero spectra at low concentrations, significantly improving the statistics). Several surface configurations were averaged during this long (3 s) acquisition time. This averaging effect has been invoked to explain a transition from "single-molecule" to "ensemble" behavior observed in a two-analyte SERS experiment, when the acquisition time was increased from 0.1 to 1 s. 38 It is expected that only signals from species adsorbed in the hottest areas would be detectable in our experimental conditions, due to the supposedly low density of hot spots in the ER-Ag, the low NA of the objective lens, and the losses related to measurements through an aqueous solution layer. Effectively, the percentage of surface area that provides a detectable SERS signal is even smaller for our experimental conditions, and only the hottest spots should significantly contribute to the observable signal. Hence, although features of the dynamical behavior of the adsorbate are still preserved in our experiments, the concept that each spectrum represents an average configuration within the 3 s accumulation cannot be forgotten. It is important to mention that our model does not consider the chemical contributions to the enhancement, which have been shown to be important for electrified interfaces. 48, 49 Differences in adsorption strengths from different sites in the roughened surface were also not considered, although larger adsorption constants have been suggested for species at hot spots relative to the SERS-inactive areas of the substrate. 42, 50 The results discussed above were for single-analyte experiments. The fact that the SERS intensity distribution can be controlled by the applied potential implies that it would be possible to observe differences in the dynamics of SERS intensities in a two-analyte mixture. Figure 4 shows the SERS intensity distributions for experiments realized using an electrolyte solution containing an equimolar mixture of 20 nM R6G and CR at open circuit potential (OCP). The intensity of the bands at 1503 and 1591 cm -1 for R6G and CR, respectively, were chosen to characterize each dye in the complex mixture (Figures 4a and 4b, respectively) . PCA was used to extract the signal from each component in the complex set of SERS spectra. 41 The histograms in Figure 4 imply the same type of fluctuations that are characteristic of the adsorption of a small number of molecules, as discussed in Figures 2 and 3 .
The intensity fraction of each dye that contributes to a particular spectrum in the mixture was also extracted from the PCA analysis, and the distribution is plotted in Figure 4c (the spectra that presented "zero intensity" for both R6G and CR were discarded in this case). The maximum in Figure 4c is observed on "zero" fraction of the R6G contribution (p R6G ) indicating that most spectra (ca. 75%) contained only CR features, but a few spectra presented a significant SERS signal from R6G (p R6G ≈ 1) or both dyes at the same time (p R6G ) 0.5). The "two-analyte" experiment has been used previously as strong evidence of single-molecule behavior in SERS. 41, 51 The results in the present work do not show two maxima at p dye1 ) 1 and p dye1 ) 0, as was observed in previous studies, because CR and R6G have opposite charge, resulting in the CR adsorption being favored at the OCP relative to the R6G adsorption. Thus, the great majority of events present only CR features, but the small fraction of R6G spectra indicated that, for some configurations, the CR is replaced by R6G at the hot spot, which might be correlated to the single-molecule behavior.
It is worth mentioning that the ER-Ag was the first substrate used for SERS. 52 It is well established that the average enhancement factor for ER-Ag is less than that observed for other substrates such as colloidal suspensions and nanolithographically patterned surface. 53, 54 The observation of fluctuations of SERS intensities on ER-Ag is enlightening, since it indicates that this phenomena is very general for Ag surfaces, and does not necessarily require the presence of high-performance substrates. This is fundamentally a very important point, since it implies that high-enhancing hot spots are present even at SERS substrates with relatively low average enhancement. Therefore, the variation in average enhancements observed from different substrates might be attributed to the difference in their density of highly enhancing hot spots (or the fraction of the surface area that is covered by hot spots). ER-Ag electrodes are readily prepared electrochemically, and their potential control is straightforward, which are important advantages for their use in SEC. This opens up the possibility of studying processes at electrified interfaces in situations far-below the ensemble limit.
The potential dependence of the distribution of SERS intensities for the mixture of dyes is shown in Figure 5 . The distribution of SERS intensities for R6G followed a monotonic decrease behavior at -0.1 V (Figure 5a ). On the other hand, CR presents a distribution similar to log-normal (Figure 5b) , although the number of null events increased significantly relative to the OCP (compare Figure 5b with Figure 4b) . The fractional distribution, obtained from the PCA analysis, Figure  5c , shows that only the CR features are present in most spectra, and a significant number of mixed events (spectra with a mixture of both dyes) was also observed. The mixed events are in much smaller fraction than the p R6G ) 0, indicating a "few-molecules" behavior at this potential. Notice that SERS features of the R6G dye (p R6G ≈ 1) occurred only in a few spectra.
The distribution of SERS intensities in the mixture changed when the applied potential was swept to -0.2 V. In this case, the log-normal distribution of R6G intensities, with a low number of null events and a maximum centered close to the average intensity (Figure 5d ). On the other hand, the distribution for CR at that potential, shown in Figure 5e , presented a large number of zero intensities, indicating a drastic decrease in the surface concentration of that molecule. CR is probably almost completely desorbed at this potential, and its SERS signature can only be observed in a few spectra. In this regime, however, it is still possible to observe the dynamics adsorption of CR molecules even in the presence of R6G, although the statistics for CR is compromised due to the small sample size. Figure 5f confirms that R6G is the only species present in almost all spectra at that potential, with a very small fraction of spectra presenting the mixture of both dyes.
The results from Figure 5 shows that it is possible to observe and control the few-molecules dynamics of adsorbates in the presence of other adsorbed species by changing the electrochemical potential applied to the system. A systematic implementation of this type of experiments might allow a better understanding of the effect of coadsorbates interactions under electrochemical conditions.
Conclusions
In summary, it was shown that fluctuations in the SERS spectra from dyes adsorbed on ER-Ag can be controlled by the applied potential. The possibility of observing fluctuations in SERS intensities from a substrate that produces moderate surface-enhancement factors, such as ER-Ag, indicates that this phenomenon is a general feature of the SERS effect and should be observed from several different types of substrates under the appropriated conditions.
The use of ER-Ag has the intrinsic advantage of making possible the electrochemical control of the interfacial potential. The shape of the SERS intensity distributions was modulated by the applied potential. This observation was rationalized by considering the dependence of the surface coverage of the dyes with the applied potential. The surface coverage and the SERS intensities distribution were controlled even in experiments with two analytes. In that case, it was possible to observe a tailed distribution for one of them while the other showed a log-normal distribution.
The results presented in this work point to a possible new area in SMS, particularly in terms of applications toward processes at electrified interfaces using metallic electrodes. For instance, SM-SEC-SERS might become a powerful tool for the characterization of the dynamics of charge transfer processes of biological molecules and transition-metal complexes at the single-molecule level.
